field effect devices and quasiparticle injection effect devices are good candidates for the realization of three terminal devices from high-T, materials, since they take explicit advantage of the low carrier concentration in these compounds. We describe the fabrication and operation of both types of devices, and discuss their performance as transistor-like elements.
I. INTRODUCTION
Superconducting three terminal devices play the role of transistors in superconducting electronics. Ideally they are capable of rapidly switching on and off superconductivity with signal gain. Additionally, superconducting devices should enable operation at low power levels. The availability of such elements would be of great importance for the further development of superconductivity in the field of fast digital electronics [l] .
In electric field effect devices a strong electric field perpendicular to the surface of a superconducting thin film modulates the carrier density in the surface layer, thus altering the superconducting properties. Quasiparticle injection devices are based on the creation of a nonequilibrium population of quasiparticles in the superconductor, which suppresses the superconducting properties. Both these devices are promising in high-T, superconductivity, because the low carrier density in these materials makes it easier to reach either a large change in the average carrier density or a profound nonequilibrium state.
A list of requirements a three terminal device should meet was provided by Gallagher [l] . It includes current, voltage and power gain, high speed, inputloutput isolation, VLSI density potential, low power consun,ption and a compatible impedance, while the device should preferably be nonlatching and inverting. Device considerations for field effect devices were given by Mannhart [2] and by Xi et al.
[3]. Mannhart et al. also discussed the transistor potential of a device based on (not yet demonstrated) field induced superconductivity on the surface of an originally nonsuperconducting sample [4] . Device aspects of classical nonequilibrium superconducting devices were discussed by Buhrman [5] .
In this paper we will briefly summarize the results we have obtained on electric field effect and quasiparticle- injection devices. Then we will focus on a discussion on their potential as superconducting transistor-like devices, thereby roughly following [ 11.
ELECTRIC FIELD EFFECT DEVICES

A. Experimental
We have realized electric field effect devices consisting of an ultrathin YBa,Cu,O, (YBCO) layer, in situ covered with a SrTiO, gate insulation layer and a Au gate electrode [6] . In figure 1 a typical set of gate voltage dependent current-voltage characteristics (IVC's) is shown. By applying a gate voltage of 35 V (corresponding to an electric field of E = 5x106 V/cm), the average carrier concentration in a typically 5 nm YBCO film can be depleted by -7 %. This corresponds to the depletion of little less than half of the first unit cell from the interface with the gate insulator. This charge depletion causes the critical current to decrease by -15 % at temperatures far below T,, and up to -80 % close to T,. In addition, the critical temperature was found to decrease by 1-2 K.
B. Discussion
Some features a transistor should have are perfectly met by these devices. They are nonlatching, and excellent inputloutput separation is available. The device geometry is relatively simple and scaling down the device dimensions On the other hand, the decrease of E, in the presence of an electric field is observed in all systems, since the polarization of the dielectric material saturates with increasing field. A search for materials with higher E, at low temperatures, which are at the same time compatible with the growth of ultrathin YBCO films seems worthwhile. If deposited as ultrathin films, operating voltages in the 10-100mV-regime appear feasible.
2) Gain: Both current and power gain are immediately available, since the leakage current IG through the gate insulator can be made arbitrarily small. On the other hand, low output voltages are typically obtained in these devices. Dissipation above I, is determined by vortex motion. The resistivity involved is of the order of the flux flow resistivity, which is much smaller than the normal state resistivity. Also around T, the apparently attractive switching between states below and above T, yields only moderate output voltages, due to the typically broad resistive transition of ultrathin YBCO films. The voltage swing between the on-and off-states depends on the bias-point. Generally, one may like to bias well inside the dissipative regime, in order to obtain a linear input/output relation and a large voltage swing. On the other hand, the dissipation increases rapidly, thus reducing the advantage of using superconducting devices in the first place. The resistivity is typically of the order of p = 1 pi2 cm. The output voltage can be estimated as V = pJJ, where l is the device length. If an output voltage of 10 mV is desired, we find 1 = 100 pm for J, = lo6 A/cm2. Although this may not be a problem in applications which do not require a high packing density, it is obviously too large for any application which demands large scale integration. An interesting option might be to use the devices in a background magnetic field. This would increase the flux flow resistivity, pff = p,,BfBc2, which would allow a further downscaling of'the devices. Larger output voltages would be obtained if the superconductivity in the YBCO film could be completely suppressed into the normal (or insulating) state. Due to the very short screening length, the electric field penetrates the YBCO almost layer by layer, i.e. charging of the next layer only starts if the former one is largely depleted. Thus, at low temperatures, where the screening length exceeds the coherence length, shunting by the undepleted part of the YBCO layer requires an almost complete depletion of the carrier concentration in the film to drive it into the normal state. On the other hand, if T, is approached, the coherence length diverges, and the field effect is expected to average over the sample thickness. In that case, a change in the carrier density of a few tens of ' YO should be enough to move a substantial way along the superconductor's T,(n)-curve. In order to reach such depletion levels, the field effect in the best devices available at present must be increased by another factor of 5 to 10.
3) Speed: It has been argued that the operating ftequency of electric field effect devices is limited to the sub-GHz range. Both the RC charging time and the drift time for carriers to move into and out of the device area were calculated to be in the ns-regime [4]. The drift time, however, may be substantially reduced in a device which is not fully depleted in the dissipative state. In that case, unlike in a conventional semiconducting FET, the field-induced charging can be provided by vertical charge displacement inside the superconducting channel itself, rather than by charge transport from the source and drain electrodes. In combination with the voltage gain requirement we conclude that operation in the vicinity of T, is preferable, since in this range the increased coherence length enables the suppression of superconductivity without the need of complete charge depletion in the device channel.
The charging time may be reduced by reducing the device dimensions. A 0.5x0.5 pm2 sized device, with a gate insulator with E, = 1000 and d = 1 nm has a capacitance as small as 2.2pF. In addition, a superconducting lead to the gate electrode, and superconductive charging of the channel region may significantly reduce the RC charging time.
4) Power consumption: Low power consumption should be a major advantage of superconducting electronics. No power is dissipated if the source to drain channel is in the superconducting state. In the dissipative state the power , consumption is determiqd by the resistivity in this state, and by the device dimensions. Assuming that a 1x1 pmz sized, 5nm thick YBCO film with a critical current density of 1 o 6~c m 2 is driven into the normal state, with p = 1000 pi2 cm, the corresponding power dissipation equals P = pJ:lA = 5 pW. The energy dissipated during switching of the device is E =CV,' , where C is the capacitance. For C = 2 p F and VG=50mV, we obtain E = 5~1 0 "~J . Assuming an operating frequency of 1 GHz the corresponding power dissipation is 5 pW. These are indeed low values compared to present day FET's which have dissipation in the 100 pW range [4]. It was pointed out by Kleinsasser et al., however, that the power dissipation in low temperature applications should be reduced along with the operating temperature because the ability to remove heat from a wafer scales linearly with temperature [SI.
Nevertheless, the dissipation appears to be acceptable.
5) Further:
Other parameters determining the device performance include impedance matching to line impedances, noise, integratibility, etc. The impedance can be relatively easily tuned by controlling the device dimensions and appears to offer no complications in the present devices [4]. Care must be taken in the design of densely packed circuits to avoid magnetic interaction between superconducting channels and other lines carrying high current densities.
C. Field eflect on grain bounday junctions
It has been argued that Josephson junctions should be more sensitive to electric field effects than the bulk superconducting material, the main reason being a less efficient screening. We have attempted to produce controlled grain boundary junctions with a SrTi03 insulating layer and a gate electrode. First a 80nm YBCO layer was grown on a SrTi03 bicrystal (24'), and structured into a 2Op.m wide junction. We observed T, = 80 K, and J, at 70 K was as high as 2x104 A/cm2. Next, a 40 nm SrTiO, layer and a Au gate electrode were deposited. We still observed T, = 80 K, but severely degraded J, values: JC(30K) = 1 . 3~1 0~
A/cmZ.
Furthermore had RN increased from 0.25 B to 13 B . We conclude that the deposition of SrTi03 on YBCO grain boundary junctions degrades the superconducting properties of the weak link. Apparently, increased interdiffusion occurs at the grain boundary region when SrTi03 is deposited at elevated temperatures. The breakdown electric field of the SrTiO, layer was E = 2.5~10' V/cm, corresponding to a gate voltage of 1 V. However, by applying these voltages we observed no change composed of a collection of superconducting filaments with suppressed T, due to structural defects, oxygen deficiency or disorder at the chain oxygen site [9]. This suggests that the carrier density in the junction area is relatively large, although it may be somewhat smaller than in the bulk superconducting material. This means that thin film junctions and a strong dielectric are still needed to obtain substantial field effects. In addition, voltage gain may be difficult to reach in junction based devices. The output voltage of a channel containing a single junction is limited by the product of the junction, which is typically a few mV's.
HI. QUASIPARTICLE INJECTION DEVICES
A. Experimental
The preparation of quasiparticle injection devices has been described in [lo] . Briefly, planar YBCO structures were covered with FVBCO and Au respectively to form the injection terminal over a length of 20-30 pm. In order to vary the energy and the spectrum of the injected quasiparticles, the thickness of the PrBCO barrier was varied between 0 and 40 nm. In figure 3 the critical current of a YBCO bridge is shown as a function of the injection current IG from a Au electrode, i.e. dpBco = 0. The asymmetry in this dependence is caused by summation of IG and the transport current I,. IG flowed from the gate electrode to one of the current electrodes of the YBCO bridge, which means that summation of IG and I, occurs and influences the behavior of I, in an asymmetric way If IG in the channel flows parallel with I,, the currents add and I, will decrease by approximately Io. If IG flows opposite to I,, the currents subtract, which leaves I, practically unchanged.
Besides current summation, current gain, defmed as K = AZJZG, exceeding unity is obviously obtained at T=60 K an injection current of 43 mA is sufficient to suppress a critical current of 86 mA to zero, so K = 2. The current gain decreases linearly with increasing temperature, because the already existing thermally excited quasiparticles above the gap make the nonequilibrium effect of the injected quasiparticles less effective. An increase of the PrBCO barrier decreased the current gain, even though the gate voltages were higher. For dpBco = 40 nm no current gain was obtained, i.e. K = 1, and the behavior of the YBCO under injection was completely determined by current summation. We believe that the energy of the quasiparticles is largely lost in the PrBCO barrier, due to the small average hopping distance in the c-axis direction. On the other hand, the dissipated power IGVG, is much larger in this case than in the experiment with dPBCo = 0. This allowed us to conclude that heating of the structure due to dissipated power is too small to explain the current gain.
B. Discussion
I) Operation voltage:
In order to create a quasiparticle population above the energy gap, the injected particles must possess an energy which is at least comparable to the gap. In YBCO this corresponds to a voltage of -20-30 mV at
which would make the device a low voltage device. If the gate voltage is increased, quasiparticles are injected with a higher energy and can break up additional Cooper pairs, which increases the current gain. It is likely that more efficient injection barriers can be found if high energy quasiparticle injection is desired. 2) Gain: As was shown above, current gain has already been achieved. Since the nonequilibrium effect is expected to scale with the relative amount of excess quasiparticles, the current gain can be increased by decreasing the YBCO thickness or the device length. When current biased at I,, the output .voltage in the dissipative state is V,,,=Pl,l. For voltage gain V,, should be of the order of 40 mV. With J,=5x106 A/cm2 and 1=1 pm, we find that p>80 W c m is required. This means that a resistivity corresponding to that of the normal state is needed to obtain voltage gain in a device with this size. Alternatively, one may of course reduce the required resistivity by increasing the device length.
3) Power consumption: In a device with both current and voltage gain, dissipation due to current transport is mainly determined by the dissipation in the YBCO-bridge. It is zero in the off-state (V = 0) and in the ten pW-regime for a device with lxb = 1x1 pm2 and d = 10 nm. Switching energies will be small due to the low gate voltages and capacities. 4) Speed: Speed is one of the most interesting aspects of these devices. As was shown in time resolved optical excitation experiments by Shi et al. [ 121, nonequilibrium processes in YBCO films can develop and relax in a time as short as 30 ps. However, if the injection of quasiparticles leads to an increase of the temperature, the relaxation-time is given by the thermal relaxation time, which is in the ns-ps range. In the optical experiment of Shi et al. thermal effects did not occur if the laser-power per area was less than 3100 W/cm2 in a YBCO film of 10 nm thickness. In ourYBCO/Au device, the injected power was only 1500 W/cm2, in a 50 nm thick film, suggesting that with the power level required for device operation thermal effects could be avoided.
The bolometric response should be avoided if fast device operation is required. Some indication exists that the nonequilibrium response of ultrathin films is mainly of nonbolometric origin [ 12,131. Further investigation is needed to elucidate whether the conditions for voltage gain (driving the device into a high resistive state) and fast operation (avoiding thermal effects) can be simultaneously met.
IV. CONCLUSIONS
Superconducting field effect devices are expected to operate as true transistor-like devices, with gain, high speed and low power, if the field induced relative change in the carrier concentration can be increased by another order of magnitude. Furthermore, a gate insulator is needed with a dielectric constant close to 1000, which can be grown as an ultrathin layer on top of YBCO.
Nonequilibrium effects are available in YBCO films under quasiparticle injection. Current gain in devices based on this effect has already been shown. To obtain voltage gain, a device of practical dimensions should probably be switched between superconductivity and the normal state. On the other hand, to avoid a slow response of the devices, thermal effects should absolutely be avoided. The question of whether or not these two conditions are compatible needs further investigation.
